Introduction {#s0001}
============

The synthesis of many proteins has been shown to be localized to specific sites within the cell, usually close to where the encoded protein is active. Synthesizing a protein at its action site has significant advantages, which include reducing the probability of malfunctioning at other cellular loci and lowering the energy costs of protein transport. Furthermore, the synthesis of proteins with similar roles in proximity to each other may provide on-site regulation of expression and a faster response to local needs.[@cit0001] Segregating the translation process to distinct loci throughout the cell may also be beneficial in cases of stress, in that some translation sites are more protected from stress than others and maintain some protein synthesis in adverse conditions,[@cit0005] presumably to support cell survival. Thus, localized translation further compartmentalizes cells into small functional units, which provide better response to local needs and improves overall physiological efficiency.

Considering the advantages of localized translation, it is not surprising that it has been found in many systems,[@cit0007] particularly those involved in developmental processes. Notable examples are found in *Drosophila melanogaster* embryonal development,[@cit0009] *Xenopus* development,[@cit0008] cell division and polarized growth in *Saccharomyces cerevisiae*,[@cit0010] and hyphal growth in *Ustilago maydis*.[@cit0013] Localized translation is also very common in neuronal synapses and in the growing edges of fibroblasts.[@cit0014] In these systems, mRNAs are transported in an untranslated manner to their target through a process that requires the activity of various RNA-binding proteins (RBPs) and sometimes motor proteins to shuttle the transcript along the cytoskeleton.^16^ Once at the destination, and upon a proper cue, translation inhibition is released and the mRNA is translated by local ribosomes and translation factors. As a result, a local concentration of the encoded protein is generated, which exerts local effects (either developmental or physiological).[@cit0008]

Localized translation has also been shown to occur near cellular organelles.[@cit0017] The most established example of this is found in the translation of many secreted and membrane proteins at the ER, where the synthesis of these proteins is usually coupled to their transport into the ER lumen or membrane (i.e. cotranslational transport). Coupling translation with transport minimizes the chances of aggregation of hydrophobic proteins in the hydrophilic environment of the cytosol. Furthermore, it lowers the energetic costs of transport, as the energy used for protein synthesis serves also to fuel protein insertion into the ER. Translation at the ER also allows fast coordination with the unfolded protein response, as ribosomes quickly dissociate from the ER membrane upon the detection of stress.[@cit0004] Surprisingly, many mRNAs that encode cytosol-destined proteins have been found to be associated with the ER, and translated by ER-associated ribosomes.[@cit0018] A possible explanation for this phenomenon was suggested following the observation that ER-associated ribosomes remain active under stress conditions (such as viral infection or hypoxia), while cytosolic translation is inhibited.[@cit0005] This suggests that the ER is a sheltered site for protein synthesis under stress, where proteins that are important for the stress response (even if they are destined for the cytosol) can still be synthesized.

In developmental systems, transport of mRNAs to their destination is translation-independent. However, transport into the ER has been shown to require a translational process, which begins in the cytoplasm. Once a signal peptide emerges from the ribosome\'s exit tunnel, it is recognized by the signal recognition particle (SRP). The SRP-Ribosome-mRNA complex is targeted to the ER, anchored to the membrane by the SRP receptor, and the ribosome then docks onto the translocon. At this stage, translation resumes, yielding localized translation that is coupled to protein transport into the ER. It has been shown, however, that the knock out/down of various components of this pathway is not lethal, suggesting the presence of alternative transport pathways.[@cit0020] Indeed, SRP-independent mechanisms of transport have also been discovered (reviewed in ref. [@cit0021] as well as, more intriguingly, translation-independent mechanisms.[@cit0022] It is possible that these alternative pathways operate on different sets of mRNAs or under different physiological conditions.

The ER is the first organelle near which ribosomes and translation were identified[@cit0026] and consequently the mechanisms for translation here are well-known (reviewed in ref. [@cit0027]). Translation near other organelles, however, is less studied. An obvious limitation for such studies is the intracellular abundance of organelles, which obstructs spatial studies of localization. Another limitation is organelles\' need for a constant supply of proteins, the continual flow of which can obscure temporal studies of mRNA- or ribosome traffic. Also, organelles usually contain hundreds of different proteins, which are likely to have redundant modes of targeting. For these reasons, our knowledge regarding localized translation near cellular organelles lags behind studies in developmental systems or polarized cells. Nevertheless, studies from recent years have yielded novel findings regarding translation near peroxisomes, chloroplasts, the nucleus, and mitochondria.[@cit0017] In the last year few important publications[@cit0030] have provided molecular details of localized translation near the mitochondria. We cover herein data pertained to this organelle.

Experimental Evidence for Localized Translation Near the Mitochondria {#s0002}
=====================================================================

The vast majority of the hundreds of mitochondrial proteins are encoded in the nucleus, translated in the cytoplasm, and imported into the mitochondria. Studies in the last 4 decades have shown that proteins can be imported following their complete synthesis by cytosolic ribosomes (i.e., post-translationally).[@cit0033] This suggested that mitochondria-destined proteins are translated throughout the cytoplasm and targeted to the mitochondria with the help of cytosolic chaperones that maintain them in an unfolded state. However, in the last decade, various lines of evidence have revived older models that propose the co-existence of localized translation near the mitochondria. Below we describe these lines of evidence, divided into 3 sections based on the main hallmarks of translation: mRNA, ribosomes, and the synthesized protein.

mRNA localization near the mitochondria {#s0002-0001}
---------------------------------------

Localization of an mRNA to a specific cellular site does not necessarily imply its translation at this site. For example, many mRNAs are localized into cytoplasmic processing bodies, yet their translation does not occur at these sites.[@cit0035] However, in cases in which the localization of an mRNA coincides with the activity site of its encoded protein, it is reasonable to deduce that localized translation occurs at this site. Hence, the localization of mRNAs that encode mitochondrial proteins near the mitochondrial outer membrane can be used as a reasonable proxy for the existence of localized translation. As there are diverse methodologies to identify mRNAs and quantify their abundance and localization (detailed below), mRNA analysis has become the main approach in the study of localized translation.

*In situ* hybridization combined with electron microscopy (EM) was among the first methodologies used to detect mRNAs near the mitochondria. An early study examined 2 nuclear-encoded mRNAs of the oxidative phosphorylation pathway in rat hepatocytes. It found that while the mRNA that encoded the alpha subunit of F1-ATPase was spread throughout the cytosol, the mRNA for the F1beta subunit appeared in clusters in close proximity to the mitochondria 36. Further experiments showed that the F1beta mRNA is translated, either free or attached to mitochondria, yet the pre-protein was not observed in the cytosol. This result suggested immediate translocation through import-sites on the mitochondria.[@cit0037]

A few years later, several seminal studies from the laboratory of C. Jacq demonstrated that many more mRNAs are localized to the vicinity of the mitochondria in the yeast model system. Yeast cells were fractionated by differential centrifugation and the mRNAs that were associated with the mitochondrial fraction were identified. Initial work utilized northern analysis to examine a few selected mRNAs,[@cit0038] while later studies used unbiased, genome-wide methods such as filter arrays and oligonucleotide microarrays.[@cit0039] Several hundred mRNAs were identified, with most of them encoding mitochondria-destined proteins. The extent of the association with mitochondria appeared to differ among genes, and bioinformatics analyses indicated that transcripts of prokaryotic origin are enriched among those tended to localize to mitochondria.[@cit0040] Importantly, the association between mRNAs and mitochondria was weakened when EDTA was added to the mitochondrial fractions, supporting the idea that ribosomes (i.e. active translation) are important for association.

These studies have been supported by an alternative, *in vivo* tagging methodology. Here, the 3′-UTRs of mRNAs of interest were fused to MS2 coat-protein binding sites, and co-expressed with MS2 coat protein that had been fused to GFP (MS2-GFP). As the fusion MS2-GFP bound to the mRNA, fluorescent microscopy was used to detect sites of mRNA localization. Beyond *in vivo* confirmation of the biochemical fractionation results, this method provided important support for the role of several different 3′-UTRs in localization.[@cit0038] Recently, advanced modification of this method has allowed the detection of endogenously expressed mRNAs. MS2-binding sites were introduced into genomic loci by homologous recombination and selection markers were removed. In this way, the transcripts were tagged with only minimal interference to their native functions.[@cit0042] *In vivo* imaging of 24 mRNAs that were tagged by this methodology revealed mitochondrial association in most.[@cit0043]

RNA fluorescent *in situ* hybridization (FISH) is advantageous in its ability to detect the localization of endogenous, unmodified transcripts. Studies that applied this methodology on a single-cell level have provided further support for the association of mRNAs to the mitochondrial outer membrane in both yeast[@cit0044] and *Drosophila* muscle tissue.[@cit0030]

Finally, the recently developed proximity-specific ribosome profiling method (see below) allows the isolation and high-throughput characterization of mRNAs that are translated by mitochondria-associated ribosomes.[@cit0032] This has led to the identification of many mRNAs that are translated near the mitochondria, particularly of those that encode inner-membrane proteins.

Ribosome association to mitochondria {#s0002-0002}
------------------------------------

A critical line of evidence supporting localized translation near the mitochondria was found in the presence of cytosolic ribosomes near the mitochondrial outer membrane, described in the pioneering work by Kellems and Butow. These researchers were the first to identify mitochondria-associated ribosomes, which proved to be of cytosolic type (i.e., 80S) in several aspects, including sedimentation in sucrose gradients, sensitivity to cycloheximide, and insensitivity to chloramphenicol inhibition.[@cit0045] Under electron microscopy analysis, these ribosomes appeared to be attached to the outer membrane of mitochondria from cyclohexamide-treated yeast cells.[@cit0046] The number of mitochondria-bound ribosomes depended on the metabolic state of the cells, with approximately 4 times more ribosomes bound to log-phase than stationary or starved yeast mitochondria.[@cit0047]

*In vitro*, only a finite number of ribosomes can bind to isolated mitochondria, suggesting that binding is mediated by a receptor that is present in limited quantities.[@cit0048] The presence of a ribosome-specific receptor on the outer membrane was further supported by binding assays that showed significant binding inhibition after proteinase-K treatment (which removes cytosolic protrusions of outer membrane proteins) or when binding was performed under high ionic conditions (0.5 M KCl).[@cit0048] Ribosome binding *in vitro* was found to be inhibited in the presence of GTP; however, this inhibition was rescued when ribosomes were charged with a mitochondrial nascent chain, while a non-mitochondrial nascent protein (luciferase) could not induce a similar effect.[@cit0049] Thus, it is apparent that the mitochondrial targeting sequence is also important for ribosome binding. In addition, Kellems and colleagues showed that a high-salt treatment of isolated yeast mitochondria resulted in the release of approximately one-third of the bound ribosomes. The rest of the ribosomes dissociated only after treatment with puromycin, which disrupts ribosome-nascent chain interactions;[@cit0046] this observation suggested a role for the nascent chain in stabilizing mitochondria-ribosome attachment. Taken together, these data reveal at least 2 modes of association between ribosomes and mitochondria: one dependent on nascent chains and one dependent on ribosome receptors on the mitochondrial outer membrane. Recent studies have revealed the molecular players that are involved in both of these modes (see Section 3).[@cit0030]

Ribosomes\' association with mitochondria can be measured by western analysis of mitochondrial fractions with an antibody that recognizes a ribosomal protein.[@cit0031] This technique, however, should be interpreted cautiously, as mitochondrial fractions usually contain ER fragments, which also contain ribosomes.[@cit0053] A recent method, proximity-specific ribosome profiling,[@cit0032] nicely overcomes this problem. In this approach, the mitochondrial outer membrane protein Om45 is fused to a biotin ligase (BirA), while the cytosolic ribosomes contain a biotin target sequence (AviTag) fused to one of the ribosomal proteins. A short pulse of biotin to the medium leads to the specific tagging of ribosomes that are in proximity to Om45-BirA, i.e. ribosomes that are near the outer membrane. Biotinylated ribosomes are then isolated using streptavidin beads and their associated mRNAs are identified via deep sequencing of the ribosome-protected fragments. By applying this powerful methodology to yeast cells, Williams and colleagues were able to specifically tag ribosomes associated with mRNAs that encode mitochondrial proteins, with enrichment of those encode proteins that reside in the inner membrane. This study therefore confirmed that ribosomes near the outer membrane are active and translate mitochondrial proteins.[@cit0032]

Translated protein {#s0002-0003}
------------------

Localized translation can also be inferred from assays that monitor the synthesized protein. For example, isolating mitochondria and inducing translation *in vitro* has resulted in the production of mitochondrial proteins, in particular those of the inner membrane.[@cit0054] These proteins appeared resistant to protease treatment, indicating that they were efficiently imported into the mitochondria.

Another approach utilized the mitochondria targeting sequence (MTS) as a handle to identify localized translation. Ni and colleagues[@cit0056] attached an MTS to the N-terminus of eGFP, and an ER targeting signal to its C-terminus. Analysis of the localization of the dual-signal eGFP in HeLa cells revealed it was present exclusively in mitochondria. A simple interpretation of this result is that the reporter protein was synthesized near the mitochondria and thereby more likely to be inserted into this organelle. A related possibility is that the insertion into the mitochondria started while the proteins were being translated (i.e., cotranslational import), so that the C-terminal ER signal was synthesized only after the proteins were largely inside the mitochondria. The latter possibility was explored by fusing the MTS to dihydrofolate reductase (DHFR), and testing import in the presence of methotrexate.[@cit0057] Since methotrexate binds folded DHFR at high affinity and prevents its import into mitochondria, the detection of mitochondrial DHFR would probably be due to cotranslational import of the protein in its unfolded state. Western analysis of mitochondrial fractions revealed that ∼70% of the DHFR appeared in the mitochondria. Thus, a significant amount of the protein was imported in a cotranslational manner. Similarly, import of a COX IV-DHFR protein fusion was not affected *in vivo* by the addition of methotrexate, consistent with cotranslational import.[@cit0058] Indeed, since cotranslational import is a specific case of localized translation, studies of cotranslational import (either *in vitro* or *in vivo*)[@cit0058] provide another layer of support for the existence of localized translation.

A group of mitochondrial proteins are known to be present also in other cellular locations.[@cit0061] The most studied example is fumarase, which appears in both the mitochondria and the cytosol. Interestingly, both cytosolic and mitochondrial fumarase lack an MTS, due to cleavage by mitochondrial peptidases. The current model for fumarase maturation posits that fumarase is first imported cotranslationally into mitochondria, has its MTS cleaved off, and then moves back into the cytosol.[@cit0063] This process therefore implies that fumerase is locally translated. Despite a lack of in-depth studies, the large number of dual-targeted proteins (estimated at approximately a third of mitochondrial proteins)[@cit0062] might indicate the breadth of localized translation.

Factors Controlling Localized Translation {#s0003}
=========================================

Localization of an mRNA and its translation are mediated by both *cis* sequences embedded in the transcript and protein factors that utilize these elements in order to transport and anchor the mRNA at the target site. The *cis* elements that control localized translation near the mitochondria can comprise non-translated regions (usually the 3′-UTR) or coding regions, in particular the mitochondria targeting sequence (MTS). These two elements are not mutually exclusive ([**Fig. 1**](#f0001){ref-type="fig"}). In yeast, either the MTS or 3′-UTR was sufficient to independently target *ATM1* mRNA to the vicinity of the mitochondria.[@cit0038] Similarly, attaching an MTS to GFP induced its mRNA localization to the mitochondria, and adding a 3′-UTR from a mitochondria-targeted mRNA further increased the strength of the association.[@cit0051] Likewise, in HeLa cells, attaching the MTS from *SOD2* to transcripts of *ATP6* led to a significant association with the mitochondrial outer membrane, and adding both *SOD2* MTS and 3′UTR to the *ATP6* coding region strengthened the association.[@cit0066] Figure 1.Proteins that mediate translation near mitochondria. A schematic of the working model for localized translation near mitochondria from (**A**) *S. cerevisiae* or (**B**) *Drosophila* and human cells. Recent studies indicate that multiple contact sites and multiple modes of association coordinate localized translation. A) In *S. cerevisiae*, mRNAs may form direct contact with Puf3 *(1)* via sequences in their 3′-UTR.[@cit0072] Since Puf3 is associated with the mitochondria,[@cit0071] this interaction anchors the mRNA in proximity to the mitochondria without interfering with translation. Additional nonexclusive contacts have been reported, but all involve a translational process. The interaction between the mitochondria targeting sequence (MTS) undergoing translation and Tom20 *(2)*[@cit0051] is likely to be important for specifying which ribosomes should be maintained near the mitochondria. Nevertheless, once the MTS is imported into the mitochondria other anchoring factors are necessary. The interaction between NAC and Om14 *(3)* might provide such support, as this interaction permits cotranslational import[@cit0031] and therefore might be maintained during the import process. In higher eukaryotes, the role of NAC in localized translation, as well as a functional Om14 homolog, have yet to be demonstrated. B) In *Drosophila* and human cell lines, the outer-membrane kinase PINK1 was shown to directly interact with mRNA *(3)* and to assist in the localization of some mRNAs to the mitochondrial outer membrane.[@cit0030] This interaction was important in maintaining the mRNAs in a translationally-repressed state. Repression was relieved via interaction with Parkin and the subsequent removal of translation repressors such as Pum and Gro/hnRNP-F (not depicted here). The protein receptor Tom20 was shown to be important for mRNA localization, presumably via interaction with the incoming MTS *(2)*. This mode of interaction therefore seems to be conserved among yeast, flies, and humans.[@cit0030] A PUF protein (Pum) was also shown to interact with mitochondria-associated mRNAs *(1)*, with a role in translation repression. Interestingly, in multicellular organisms Pum is not mitochondria-associated (as in yeast), and therefore does not serve as an anchoring factor. Conversely, a role for Puf3 in translation regulation near yeast mitochondria has yet to be demonstrated.

The impact of the MTS on localization is mediated, at least partly, through its known interaction with the protein receptor Tom20, the deletion of which reduces the association of many mRNAs with the mitochondria.[@cit0051] Furthermore, localization of an MTS-GFP reporter mRNA was significantly reduced in *tom20*Δ cells, indicating that localization is mediated through the Tom20:MTS interaction. Interestingly, mRNA localization was not completely abolished in *tom20*Δ cells, which points to the involvement of additional factors in association with coding regions.[@cit0051]

Another important factor in localized translation near the mitochondria appears to be the heterodimeric, ribosome-associated nascent chain-associated complex (NAC). *In vitro* studies have shown that NAC stimulates the association of ribosome-bound nascent chains (RNCs) with mitochondria and consequent protein import.[@cit0067] Additionally, protein analysis of mitochondria isolated from both wild type and NAC-deleted yeast strains revealed weaker signal of a ribosome marker in the deletion strain, indicating that NAC affects ribosomes\' association with mitochondria also *in vivo*.[@cit0052] NAC is composed of an α subunit (Egd2 in *S. cerevisiae*) and either a β1 (Egd1) or a β3 (Btt1) subunit, thereby forming 2 different heterodimers.[@cit0068] Affinity purification of NAC proteins with their associated RNCs revealed enrichment in mRNAs that encode mitochondrial proteins for the β3 subunit.[@cit0069] In addition, the association of NAC with mitochondria was shown recently to be mediated by the mitochondrial outer membrane protein Om14[@cit0031]([**Fig. 1**](#f0001){ref-type="fig"}). The deletion of this protein resulted in less NAC being associated with mitochondria as well as a reduction in mitochondria-RNC association. Moreover, Om14 was shown to support, *in vitro*, the cotranslational import of proteins into isolated mitochondria.[@cit0031] The interaction between NAC and Om14 may therefore provide a physical mechanism for the association of ribosomes with mitochondria, presumably after the MTS detaches from Tom20 and enters the mitochondria ([**Fig. 1A**](#f0001){ref-type="fig"}).

While the role of the 3′-UTR in localized translation has been established by many studies, the proteins that mediate its function are largely unknown. Studies of the Puf3 protein in *S. cerevisiae*, which belongs to the PUF family of RNA-binding proteins, have yielded significant results. Puf3 preferentially binds mRNAs that encode mitochondrial proteins[@cit0070] and is associated with the mitochondrial outer membrane.[@cit0071] Because of this, it was predicted to assist in localized translation near the mitochondria ([**Fig. 1A**](#f0001){ref-type="fig"}). Indeed, deletion of Puf3 affected the localization of many mRNAs to the mitochondria, and ablation of the Puf3 binding site in the 3′-UTR of *BCS1* reduced mitochondrial localization of this mRNA.[@cit0072] Together, these results point to a direct role for Puf3 in localization and this protein may provide an additional anchor for localized translation near the mitochondria ([**Fig. 1**](#f0001){ref-type="fig"}). Consistent with this idea, while yeast strains that lack either Tom20 or Puf3 are viable when grown on a non-fermentable carbon source, the double deletion is lethal.[@cit0051] This suggests that MTS:Tom20 and 3′-UTR:Puf3 interactions are redundant to each other under conditions that require mitochondrial activity ([**Fig. 1**](#f0001){ref-type="fig"}, denoted as (1) and (2)). Puf3 was also shown to play a role in regulation of translation and mRNA stability,[@cit0073] functions that might also be significant for mRNA localization near the mitochondria. In particular, differential stabilization of mRNAs is one of the modes through which localization in *Drosophila* embryos is achieved.[@cit0008] It is therefore possible that Puf3 mediates mRNA localization by stabilizing mRNAs near the mitochondria, or destabilizing transcripts in the cytosol.

In higher eukaryotes, proteins that mediate the association with mitochondria have been identified only recently, in a comprehensive work that analyzed *Drosophila* and mammalian cells^30^ ([**Fig. 1B**](#f0001){ref-type="fig"}). The outer membrane kinase PINK1 was found to regulate the localized translation of some mRNAs that encode members of the oxidative phosphorylation complexes. These mRNAs are maintained in a translationally repressed state near mitochondria. Repression is relieved upon association with Parkin and subsequent release of a PUF family protein (Pum) and Gro/hnRNP-F. Interestingly, as in yeast,[@cit0051] the protein receptor Tom20 was found to be important for mRNA localization. Furthermore, Tom20 was associated with PINK1 in a manner that was sensitive to RNase A (i.e. through RNA molecules). Depletion of Tom20 further reduced mRNA localization in PINK1-mutated cells, whereas Tom20 overexpression increased mRNA association with mitochondria. These data reveal a genetic and physical interaction between Tom20 and PINK1 in promoting localized translation. Overall, it appears that the combined functions of PINK1, Tom20, and Pum are important for the localization of translationally repressed mRNAs^30^ ([**Fig. 1B**](#f0001){ref-type="fig"}).

The proteins that transport mRNA, ribosomes, and translation factors to the mitochondria are largely unknown. In yeast, however, investigations of the Hsp70 chaperone Ssa1 provided some insights. An analysis of cells with reduced levels of this protein revealed a decreased association between mitochondria and certain mRNAs, many of which encode proteins with a high hydrophobic score.[@cit0050] These results were consistent with a role for this Hsp70 protein in the folding of hydrophobic domains. Indeed, Ssa1 was shown to interact with RNCs,[@cit0077] suggesting that its impact on the localization of mRNAs occurs during their translation. Importantly, Ssa1 is a cytosolic chaperone that is absent from the mitochondrial fraction,[@cit0050] therefore its effects take place during mRNA transport to the mitochondria.

Conservation Among Species {#s0004}
==========================

The results and models depicted above are mainly derived from studies that utilize the yeast *S. cerevisiae* as a model. Nevertheless, various studies suggest that localized translation also occurs in other organisms. For example, mRNAs that encoded a GFP with an N-terminal MTS were shown to be associated with mitochondria isolated from cells of the social amoeba *Dictyostelium discoideum*. Intriguingly, a mitochondria-mRNA association was apparent also for GFP fusions with an insufficient targeting sequence, thus suggesting that targeting is independent of translation.[@cit0078] In fractionated potato (*Solanum tuberosum*) cells, mRNAs of 6 different genes were identified in the mitochondrial fraction.[@cit0079] More recently, cellular fractionations and *in vivo* imaging using the MS2-tagging system revealed that VDAC3 mRNAs are associated with mitochondria in *Arabidopsis thaliana*.[@cit0080] Interestingly, VDAC3 transcripts that varied in their 3′-UTR length differed in their association, and a region of 140 nts from the 3′-UTR appeared sufficient to induce localization of a heterologous mRNA to the mitochondria. These results indicate that localization of VDAC3 mRNA can occur in a non-translational manner, via cis elements from the 3′-UTR.

Mitochondria from mammalian cells are also associated with mRNA. As mentioned earlier, samples from rat liver revealed that mRNA of F1β-ATPase is localized near mitochondria, in a manner that involves sequences from both the coding region and the 3′-UTR.[@cit0081] Similarly, a broader analysis in human cell lines of 27 oxidative phosphorylation-related mRNAs revealed that about half of them were localized to the mitochondria.[@cit0082] This group was significantly enriched in mRNAs that encode hydrophobic, inner-membrane proteins, consistent with data from yeast.[@cit0032] Gehrke and colleagues also identified a few mRNAs linked with oxidative phosphorylation that were associated with the outer membrane protein PINK1,[@cit0030] a protein which, together with several regulators of translation, was shown to have a similar function in both human cells and *Drosophila* muscle cells.

Functional conservation between yeast and human cells was directly demonstrated by Sylvestre and colleagues, who found that the mRNA encoding the inner membrane protein Oxa1 is localized to the mitochondria in both HeLa cells and yeast. Introduction of the human gene into yeast cells led to mitochondrial localization and to the rescue of a respiration defect in *oxa1*Δ yeast. Importantly, rescue was dependent on the 3′-UTR of the mRNA. Thus, yeast proteins are able to recognize the human mRNA and transport it to the mitochondria.[@cit0083]

Localization to the mitochondria is not restricted to mRNAs that encode inner-membrane proteins. For example, TMEM126A is an outer-membrane protein that is implicated in optic neuropathies. Its mRNA was found to be localized to mitochondria in mouse retina and in various human cell lines.[@cit0084] Whether this localization is important for mitochondrial dysfunction or pathogenesis has yet to be determined.

Functional Relevance {#s0005}
====================

The functional significance of localized translation near the mitochondria has not been fully established. Localized translation is usually linked to the import process, allowing the import of unfolded proteins with a minimal need for protein chaperones. An early study, which used electron microscopy to examine thin sections of yeast cells, indicated a significantly higher degree of binding between ribosomes and the mitochondrial surface at regions where the inner and outer mitochondrial membranes were in close proximity to each other (contact sites);[@cit0047] these same regions were later found to be enriched with import machinery.[@cit0086] The proximity between mitochondria-associated ribosomes and mitochondrial import was later supported by many analyses of cotranslational import (reviewed by).[@cit0088] This coupling between translation and import appears to be important to proteins that have dual localization (mitochondria and cytoplasm) and must undergo a maturation step inside the mitochondria.[@cit0063]

Localized translation has also been suggested to contribute to the proper assembly of protein complexes. For example, mRNAs that encode factors that are important for the assembly of cytochrome C oxidase and components of ATP-synthase are translated near the mitochondria.[@cit0030] Intriguingly, some components of these complexes are translated by mitochondrial ribosomes that are associated with the inner membrane.[@cit0091] This suggests coordination in the synthesis of components from either side of the mitochondria.[@cit0030]

Studies from numerous taxa have demonstrated the importance of localized translation to mitochondrial activity. In *Arabadopsis thaliana*, interference with the localization of mRNA of the membrane protein *VDAC3* affected mitochondrial morphology and size[@cit0080] and in yeast, the correct localization of *ATP2* mRNA was shown to be important for respiration.[@cit0041] In human fibroblasts, induced localization of *ATP6* mRNA to the mitochondrial outer membrane resulted in the rescue of mitochondrial defects.[@cit0092] Despite the widespread occurrence and significance of localized translation, the underlying molecular mechanisms have yet to be determined.

Future Directions {#s0006}
=================

The large amount of data described above, utilizing various methodologies and diverse organisms, demonstrate the extent of localized translation near the mitochondria. As mentioned above, though, one of the main future challenges is to establish the molecular players that mediate this process. Molecularly, localized translation near the mitochondria has been linked to protein import (i.e., cotranslational import), and a few of the proteins that are involved in this association have been identified.[@cit0030][@cit0072] However, these proteins probably represent only a fraction of the machinery that is necessary to identify, transport, and anchor translating ribosomes to the mitochondria. Furthermore, much remains obscure about the dynamics of the process (e.g., whether translation precedes transport), whether the cytoskeleton and motor proteins are necessary for transport, and whether there is a vectorial insertion of the synthesized polypeptide that utilizes the energy from peptide bond formation. All these questions remain unanswered.

Another important future challenge is to establish the physiological significance of this phenomenon. To date, there have been very few studies that demonstrate the significance of localized translation to cellular physiology. As described above, many studies have linked localized translation with protein import. However, an impact on cellular physiology following a defect in cotranslational import has not been shown. For example, both NAC and Om14 were shown to be important for cotranslational import[@cit0031] yet single-deletion of *NAC* or *om14* did not show severe growth defects.[@cit0031] This indicates that tools of high resolution are necessary to measure changes in mitochondrial function and to differentiate the effects of cotranslational import from the redundant post-translational import process.

It is likely that localized translation has other roles in organellar physiology, beyond cotranslational import. A plausible possibility is faster and localized regulation of translation. Localized translation machinery can utilize local factors to provide a quick response to mitochondrial needs and on-site regulation of expression. A potential example of such localized regulation was provided recently in,[@cit0030] in which the association of Parkin with PINK1 led to the removal of translation repressors from mRNAs that were attached to the mitochondrial outer membrane. In addition, localized translation might serve to provide a secluded site that maintains translation when other cellular compartments are affected. This has been shown previously for translation at the ER upon viral infection or hypoxic stress,[@cit0005] and might occur near the mitochondria as well. Finally, the association of mRNAs with yeast ER was suggested to be important for the inheritance of mRNAs and translation factors to the daughter cell (reviewed in).[@cit0093] This might also be the case for the mRNAs that are associated with mitochondria. Moreover, association of the translation machinery with the mitochondria might facilitate its concordant distribution with mitochondria during fission and fusion events, and during cellular divisions. All these possibilities provide advantages to the cell and may improve its physiological efficiency. None of these, however, has been established for localized translation near the mitochondria. Therefore, future studies should look beyond cotranslational import to explore other facets of this phenomenon.
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